Summary /overview
Work performed under the sponsorship of this grant focused on instrumentation development leading to a high-speed, high-resolution and dynamic range digital imaging system, for use in subsonic and supersonic turbulent-flow applications, as well as applications in aerooptics and long-distance ground-based and air-borne platform observations. Accomplishments include the completion of an intermediatecapability system, based on a Ik 2 CCD, designed by JPL for the Cassini space mission and integrated for laboratory use at 10frames/s, at full resolution, and 20frames/s at half resolution (512 2 ), the development and near-completion of a
Introduction
The purpose of this instrumentation-development effort was to extend digitalimaging technology to allow high-speed and multidimensional imaging in fullydeveloped, subsonic and supersonic turbulent flows. This was a high-risk, collaborative effort, between,
• the Graduate Aeronautical Laboratories at Caltech (GALCIT),
• the Caltech Physics and Astronomy departments, and
• Computer Science department;
• the imaging group at the Jet Propulsion Laboratory;
• the Laser Division of the Lawrence Livermore National Laboratory;
and, for the high-power, pulsed-laser development,
• Cutting Edge Optronics, Inc.
The system is predicated on the development of an imaging system that can deliver a digital-image frame sequence:
a. at a resolution of 1024 x 1024 pixels/frame; b. with a dynamic range in excess of 60 dB, i.e., a signal amplitude-to-noise ratio of 1000:1, or, 10 bits/pixel, or greater (the system developed utilizes 12-bit A/D converters); c. at a rate up to ~ 10 3 frames/s; and d. capable of recording at least 1000 frames/run, or more.
Such a system places a severe strain on the various component technologies with the success of the overall effort relying on substantial advances in the state-of-the-art of the various subsystems that were necessary. In particular, the system specifications dictated advances that were realized in:
1. the illuminating (pulsed) laser, for high-frame-rate imaging of turbulent-flow fields;
2. the front-end (CCD) focal-plane image detector in the digital camera head;
3. the camera head, control electronics, and timing circuitry of the CCD imager;
4. the analog-to-digital (A/D) data-acquisition system; 5. real-time high-speed data compression;
6. the high-speed-data storage and transfer technology; and 7. the subsequent multidimensional image data processing and visualization.
In addition to the primary support from this grant, the broadly-collaborative effort this development necessitated reliance on additional support from a variety of sources, also benefiting and leveraging work in other related efforts. These include Preliminary and intermediate-technology parts of the system were completed earlier and have been in laboratory use for some time, permitting high-quality measurements to be realized for the first time. The remaining components of the system are expected to be completed during the current calendar year.
Technical report

Intermediate (Cassini) digital-imaging system
A preliminary version of the originally-proposed system was completed first, to permit us to gain experience on generic issues related to high-frame-rate and multidimensional imaging, before committing to the final design. This intermediatetechnology system utilized a CCD detector designed by the JPL imaging group, with James Janesick as the principal designer,* that was used in the Cassini space mission. This in-house-developed digital-imaging system, dubbed the "Cassini system," uses a 2-readout-channel data-acquisition system, programmable-gain and -bandwidth preamplifiers, and 12-bit A/D converters with sufficient on-board storage for 42 full-resolution image frames (with byte packing). It delivers high signalto-noise ratio images, at a resolution of 1024 x 1024 pixels, and can be framed at 10frames/s, at full resolution (1024 2 pixels), or 20frames/s, at a 512 2 -pixel resolution (using on-board pixel binning before readout). In particular, the signalto-noise-ratio performance of this system, at 1 k 2 -pixels/frame and a 10frame/s readout rate, with the CCD detector at room temperature, was comparable to that of cryogenically-cooled, commercially available digital-imaging systems available at the time. The latter, however, require several (10 -20) seconds /frame readout time.
The Cassini system has already been used in several AFOSR-supported efforts, Presently with PixelVision Corporation.
Thousand-frame/sec (KFS) digital-imaging system
During the first year of this effort, we became aware of two commercial, kiloframe/s CCD designs that were in progress (Lockheed/Martin and Reticon). Both these CCD's utilize a 32 readout-channel architecture. Our own development system was originally predicated on a 64 readout-channel design, i.e., one that traded a more complex data-recording system, for lower bandwidth and noise.
As a safeguard against an unsuccessful development effort for the originallyenvisaged, 64-channel, in-house high-frame-rate CCD imager, in collaboration with JPL, we decided to improve the preliminary design to allow for an increase in the individual channel A/D conversion rate, from the originally-specified rate of 20 MHz/channel, to 40 MHz/channel. The system, as it evolved, can accommodate both 32-channel and 64-channel CCD's and will be able to record data from a (purchased) kframe/s CCD, should that prove necessary. No such CCD's were available at the time of our proposal. We are happy to report that it proved possible to both increase the A/D conversion rate to 40 MHz, as will be documented below, and retain the Correlated Double Sampling (CDS) feature that is a necessary capability, if the low-noise, high-dynamic-range performance we must have is to be realized.
While two commercial prospects for CCD's have emerged during this year, our discussions with the two developers suggested that they do not have the signal-tonoise-ratio and sensitivity performance that is required. Both commercial designs include line-transfer technology and will be electronically gateable. While these are desirable features, they come at the expense of fill-factor (light-sensitive area fraction on the CCD), compared to full-frame CCD. This indicated early on that we should continue pursuing the collaborative CCD-development effort with the imaging group of the Jet Propulsion Laboratory. This effort is now nearly completed, with two CCD designs fabricated, as will be documented below.
The second design decision for the data-acquisition and control electronics entailed moving most of the analog electronics out of the camera head, where real estate is at a premium because of the large number of channels, and onto the A/D boards.
Thirdly, it was decided to proceed with a second-generation A/D board, building on the Model 1 version developed for the Cassini system described above, with 4 A/D-channels/board, so that a single VXI crate can accommodate 8 boards for a total of 32 channels. A second VXI crate can be added to increase the total to 64 channels, to accommodate other CCD designs in the future, should that prove necessary. This keeps the total system compact enough, even at 64 channels, to fit into a single rack enclosure. This represents a considerable improvement over the original design, as envisaged at the time of the proposal, in terms of portability and potential ease of use of the system under laboratory and field conditions. As regards the laser source, we were informed during the first year of this effort that the proposed laser vendor (Lumonics) that had given us a quote for a 1 kHz pulse repetition rate (PRF) Excimer laser (XeCl, 308 nm), had withdrawn the unit from the market. The highest rep-rate lasers of this kind presently offered produce a 300 Hz PRF, with lower energy /pulse relative to that required for gas-phase imaging. This was a serious setback to this effort. One possibility that emerged was a collaborative effort with the Laser Division of the Lawrence Livermore National Laboratory, who are interested in our image-technology development. They expressed a willingness to develop a pulsed laser for us, with the necessary PRF and energy/pulse. Unfortunately, the estimated (1.5M) budget for such a laserdevelopment effort was not in hand. An alternate solution was arrived at, in the Fall of 1997, with a commercial vendor (Cutting Edge Optronics, Inc.) offering to develop a new doubled-YAG laser for us, utilizing diode-pump technology, with design assistance and technical monitoring by Lawrence Livermore National Labs and Caltech. This laser is presently under development and fabrication, with funding support from this grant as well as other sources (cf. Introduction), with an expected delivery date of end-of-September 1998.
Presently, with PixelVision, Inc.
KFS CCD detector specifications
The design and optimization of the CCD detector for the KFS imaging system must contend with an important trade-off between signal-to-noise ratio and output frame rate. Considering the high pixel rates from each of the output channels, a high output frame rate dictates high-bandwidth output amplifiers with an attendant high readout-noise figure, as the noise spectrum subtended by the amplifier bandwidth increases.
The 10 3 frame/s specification, dictated by the turbulent flow and other flow imaging application requirements, requires 3-stage output amplifiers for each readout channel. For many applications, however, including some for aerooptics and atmospheric-turbulence research, for which low light levels are expected, it was decided that a 100 frame/s, or so, specification would suffice. For lower frame rates, two-stage, lower-bandwidth/-noise-figure amplifiers would suffice and also exploit the higher beam-quality output of the diode-pumped laser for gas-phase imaging applications, as will be discussed below.
Accordingly, two different CCD designs were implemented by Mark Wadsworth on the silicon wafer that was fabricated to produce these CCD's. These were dubbed the KFS32 and KFS32LN (low-noise), denoting the 32-channel readout-channels common to both designs. The design specifications for the two CCD's are listed below.
1. Specifications common to the KFS32 and KFS32LN CCD's.
a. Number of output channels: 32.
b. Full-well capacity: 100,000 e's. More detailed documentation for these CCD's is included as an Appendix to this report.
The design dynamic-range figures above can be covered by the 4096:1 singleconversion dynamic range corresponding to the 12-bit A/D converters employed in the data-acquisition boards. The higher dynamic range expected at the lower framing rates of the KFS32LN, e.g., < 30frames/s, can be accommodated by the multiple-conversion dither (staircase-reference) mode of the 12-bit A/D converters, as will be mentioned below. This data-acquisition feature can also be used for other, higher-dynamic-range data-input applications.
Once two of the next-generation CCD microsequencers (CCDTIM2) are completed, it will be possible to use 16 A/D boards, doubling the total buffer memory from 4 GBytes to 8 GBytes.
At this writing, the fabricated CCD wafers have been returned to JPL by the silicon foundry (Lockheed/Martin, Milpitas). Preliminary testing on uncut-wafer CCD's indicates that both the KFS32 and KFS32LN designs are functioning. Further testing will take place following packaging in custom-designed and fabricated packages. Heat-transfer requirements dictated special ceramic surface mounts, in turn mounted in special packages that provide the multiple-pin connections to the camera head CCD board. The very large number of pins required by the multiplechannel output and control signals necessitated the custom packaging.
KFS camera head
The KFS CCD is mounted in a specially-designed camera head, providing the 32-output-channel analog data into the digital acquisition system, described below, various timing and control signals, as well as voltages and control lines to operate the CCD. The 32 signal outputs are supplied through 32 hermetically-sealed coaxial connectors to minimize EMI and stray-noise pickup. The front flange is designed with a standard Nikon lens mount for 35 mm SLR cameras. Through the rear flange, the camera head provides for optional cryogenic cooling from an attached liquid-nitrogen dewar. It is hermetically sealed and designed so it can be operated under vacuum, as necessary when cryogenically cooled.
The KFS camera head contains two printed-circuit boards. The first printed circuit board is the camera power supply regulator board, CAMH3PWR, which generates low-noise regulated voltages for the CCD clock drivers and CCD output amplifiers. This board derives from the board developed for the Cassini CCD (CAMH2PWR). CAMH3PWR has increased output-current capability, as required by the KFS CCD. It also adds the VLODG output, which controls the quiescent output current in the KFS CCD output amplifier stage. This board has the following features: 
